Myofibroblasts secrete matrix during chronic injury, and their ablation ameliorates fibrosis. Development of new biomarkers and therapies for CKD will be aided by a detailed analysis of myofibroblast gene expression during the early stages of fibrosis. However, dissociating myofibroblasts from fibrotic kidney is challenging. We therefore adapted translational ribosome affinity purification (TRAP) to isolate and profile mRNA from myofibroblasts and their precursors during kidney fibrosis. We generated and characterized a transgenic mouse expressing an enhanced green fluorescent protein (eGFP)-tagged L10a ribosomal subunit protein under control of the collagen1a1 promoter. We developed a one-step procedure for isolation of polysomal RNA from collagen1a1-eGFPL10a mice subject to unilateral ureteral obstruction and analyzed and validated the resulting transcriptional profiles. Pathway analysis revealed strong gene signatures for cell proliferation, migration, and shape change. Numerous novel genes and candidate biomarkers were upregulated during fibrosis, specifically in myofibroblasts, and we validated these results by quantitative PCR, in situ, and Western blot analysis. This study provides a comprehensive analysis of early myofibroblast gene expression during kidney fibrosis and introduces a new technique for cell-specific polysomal mRNA isolation in kidney injury models that is suited for RNA-sequencing technologies.
The kidney interstitium, composed of vasculature, stroma, and immune cells, plays a central role in regulating kidney function, blood flow, immune surveillance, recovery from kidney injury, and progression of CKD. There is general agreement that kidney stroma, which includes pericytes, resident fibroblasts, and perivascular fibroblasts, contains the predominant myofibroblast progenitor population in fibrotic kidney disease. A precise definition of the transcriptional responses of kidney stroma to injury would aid in the identification of new therapeutic targets and potential novel circulating biomarkers of kidney fibrosis.
Over the last decade, functional genomics has been used successfully to generate comprehensive datasets, including transcriptional profiles during the course of disease. Gene profiling yields systematic, nonbiased information describing the complete transcriptional profile for kidney in health and disease. The maturity of the technology, its low cost, the availability of data analysis programs (such as gene ontology analysis 1 or gene set enrichment analysis 2 ) , and the presence of institutional microarray core facilities have made such analyses relatively straightforward. This technology is increasingly used in kidney research, for example to identify the transcriptional circuitry of polycystic kidney disease modifiers, 3 to distinguish polycystic kidney disease profiles with that of allograft nephropathy, 4 and to analyze the transcriptome in ischemia-reperfusion injury [5] [6] [7] and in renal fibrosis. 8, 9 The Genitourinary Database Molecular Anatomy Project (GudMap) serves as a repository for gene expression datasets in developing and adult kidneys. In one successful effort by this consortium, laser capture microdissection coupled with gene profiling delineated the transcriptional profiles of the major structures during kidney development. 10 A critical limitation to transcriptomic approaches to the study of kidney biology and disease is the kidney's cellular complexity: gene arrays from whole tissue reflect the averaged expression of .26 different cell types rather than a pure cell population. This limitation is exacerbated in disease states where inflammatory cells invade and distort normal architecture. Isolation of single cell populations by FACS is one approach to solve this problem, but it is limited by the availability of suitable antibodies and the process of kidney disaggregation itself, which rapidly induces transcriptional stress responses. Laser capture microdissection of frozen sections offers an alternative strategy, but it cannot resolve interstitial cell types, which are intermixed and closely apposed to other cell types within the interstitium.
Here we describe an approach to circumvent these problems using a method for the isolation of cell-specific RNA from genetically defined cell types in the mammalian kidney. Following the recent success in obtaining cell type-specific gene expression signatures in adult neurons, 11, 12 we created a transgenic mouse with heterologous expression of the ribosomal subunit protein L10a tagged with enhanced green fluorescent protein (eGFPL10a), under control of the col1a1 promoter. Col1a1-eGFPL10a mice express the fusion protein in podocytes in kidney cortex and in pericytes in kidney medulla. 13, 14 During fibrosis, eGFP-L10a is expressed specifically in a-smooth muscle actin (SMA)-positive interstitial myofibroblasts. We have adapted a one-step affinity purification protocol for the kidney in order to isolate polysomal mRNA from myofibroblasts or their precursors in healthy and fibrotic kidneys. 12 We performed microarray of this cell-specific, actively translated mRNA and generated a comprehensive pericyte and myofibroblast transcriptional profile during the early stages of renal fibrosis. We have validated the approach using quantitative PCR (qPCR) and in situ analysis, as well as bioinformatics analysis. This dataset will serve as a valuable resource for the CKD community, and the approach should open new avenues into investigation of kidney stromal biology.
RESULTS

Creation and Characterization of a Peri/Fibro
TRAP
Transgenic Mouse
An eGFP-L10a cDNA was inserted downstream of the well characterized collagen1a1 promoter fragment to create the Col1a1-eGFP-L10a allele ( Figure 1A ). To validate this allele, it was transfected into 3T3 fibroblasts along with plasmids driving expression of eGFP or eGFP-L10a under control of the strong cytomegalovirus enhancer. Both eGFP-L10a constructs demonstrated a nucleolar subcellular distribution, as expected for ribosomes ( Figure 1B) . We also verified that we could efficiently immunoprecipitate eGFP from transfected human embryonic kidney 293 cells (Supplemental Figure 1) . Transgenic founders were generated by standard techniques, and two independent founder lines were evaluated, each giving equivalent results. The resulting line, hereafter referred to as Peri/Fibro TRAP , was characterized by intense eGFP fluorescence in positive pups compared with littermate controls, reflecting skin expression of Col1a1-eGFP-L10a, and normal kidney sizes (Figure 1 , C-E). It was important to verify that eGFP-L10a expression in Peri/Fibro TRAP mice faithfully recapitulated endogenous COL1a1 expression, so RNA from a variety of tissues was harvested, and levels of eGFP-L10a and endogenous Col1a1 were compared. This analysis revealed an excellent correlation, with a calculated Spearman correlation coefficient (r) of 0.93 ( Figure 1, F-H) .
In uninjured adult kidney of Peri/Fibro TRAP mice, eGFPL10a was expressed in interstitial cells in the kidney medulla ( Figure 2A ). After 7 days of unilateral ureteral obstruction (UUO), there was a substantial expansion of eGFP-L10a expression exclusively in the interstitium ( Figure 2B ). Positive cells demonstrated the typical ribosomal nucleolar expression pattern on high magnification ( Figure 2, A and B) . Although some reports have failed to detect COL1a1 protein in podocytes, [15] [16] [17] other studies have detected Col1a1 mRNA in podocytes. 18 COL1a1 protein is expressed in human podocytes ( Figure 2C ), and the eGFPL10a transgene was also expressed in podocytes of Peri/Fibro TRAP kidneys whether assessed by epifluorescence ( Figure 2D ) or by immunohistochemistry ( Figure  2 , E and F). There was much weaker expression of the transgene in cortical pericytes, detectable only by anti-GFP immunohistochemistry, compared with the strong medullary pericyte expression ( Figure 2F, Supplemental Figure 2 ). These results are the same as those that we obtained with an independently created Col1a1-eGFP-Cre-ERt2 transgenic mouse line, ruling out position-dependent transgene effects. 13 The eGFP-L10a transgene was upregulated by about 25-fold after 5 days of UUO, as reflected by qPCR, and the fusion protein could be detected in lysates from 7 day fibrotic kidney medulla ( Figure 2 , G and H). Expression of eGFP-L10a was much lower in uninjured kidney medulla, explaining why the protein was undetectable in control kidney lysates. As expected, the relative GFP-positive area expanded during fibrosis as well ( Figure 2I ). EGFP-L10a in the Peri/Fibro TRAP mouse was strongly expressed in other collagen1a1-positive tissues, such as skin and heart, suggesting the ability to use this mouse model for translational ribosome affinity purification (TRAP) in extrarenal tissues (data not shown).
To better define the interstitial cell population that expresses eGFP-L10a in Peri/Fibro TRAP mice, we next costained for several markers of interstitial cell types in healthy tissue and in fibrosis. All medullary eGFP-L10a-positive cells were positive for the pericyte/fibroblast markers vimentin 19 and platelet-derived growth factor receptorb (PDGFR-b) and negative for the endothelial cell marker platelet endothelial cell adhesion molecule ( Figure 3A) . Whether PDGFR-b also marks resident fibroblasts is an unresolved controversy, hence our term "Peri/Fibro TRAP " mouse. 20 At day 5 of UUO, eGFP-L10a-positive cells were bounded by lamininpositive basement membrane, confirming that there is no transgene expression in tubule epithelia ( Figure 3B ). They remained positive for vimentin. Although every medullary eGFP-L10a-positive cell was aSMA positive, roughly 50% of aSMApositive interstitial cells were eGFP-L10a negative ( Figure 3B ). This could reflect mosaic expression of the transgene or an extrarenal source of kidney myofibroblasts that do not express collagen1a1, as recently suggested. 20 EGFP-L10a was not expressed in myeloid lineage cells because they were negative for both F4/80 and CD3 ( Figure  3B ). Taken together, these experiments demonstrate that the Peri/Fibro TRAP mouse faithfully recapitulates endogenous collagen1a1 expression with eGFP-L10a expressed in medullary pericytes and that these cells differentiate into activated myofibroblasts during fibrosis.
Myofibroblast Transcriptome Analysis during UUO by Translational Ribosome Affinity Purification
Mice were subjected to sham or UUO surgery, and polysomal RNA was isolated from kidney medulla at day 2 or day 5 using the TRAP procedure ( Figure 4A ). We excluded kidney cortex from these preparations to eliminate podocyte RNA from the analysis. RNA quality was excellent as assessed by bioanalyzer ( Supplemental Figure 3) . RNA yields were lowest in the sham samples (10-20 ng per kidney), as expected, with higher yields from UUO kidneys (50-100 ng per kidney). We analyzed gene expression by microarray analysis in both the bound fraction, which reflects pericyte/myofibroblast-specific RNA, and the unbound fraction, which reflects total kidney medulla RNA. After hybridization to Mouse Genome 430 2.0 chips data were successfully normalized by the Robust Multichip Average method as reflected by overlapping density curves (Supplemental Figure 4A ).
All four groups from day 0 and day 5 showed excellent separation by multidimensional scaling plot (Supplemental Figure 4B ), so we focused on these four groups for further comparative analysis. We filtered the 14,425 genes with differential expression by four-way ANOVA among day 0, day 5, bound, or unbound samples. This yielded 8325 genes that were then subject to filtering by post hoc testing, where we compared bound day 5 to bound day 0 samples, yielding 4803 genes. We further divided these genes into four groups: genes that were upregulated or downregulated, and within these two groups, genes that were TRAP-specific (defined as genes with a difference in fold-change expression of at least 2-fold higher or lower in the bound compared with the unbound fraction) or genes that were not TRAP-specific (genes whose fold-change in expression was similar in the bound and unbound fractions). In this fashion, we identified genes whose expression is specific to kidney myofibroblasts (a gene whose expression primarily changed in the bound but not the unbound fraction) versus genes that are expressed in myofibroblasts and other kidney cell types or a myofibroblastspecific gene whose expression change is so dramatic that it is detected in whole kidney lysate (a gene whose expression changed in both bound and unbound forms).
Among TRAP-specific upregulated genes, group 1 consisted of 1107 genes that were upregulated at day 5 in myofibroblasts but not in the whole kidney (Table 1) . Group 2 consisted of 753 genes that were downregulated in myofibroblasts but were unchanged in the whole kidney (Table 2) . Among genes whose expression changed in both TRAP and unbound samples, group 3 had 1575 genes that were upregulated and group 4 consisted of 1366 downregulated genes. A heat map summarizing these four clusters is shown in Figure 4B . Because a theoretical advantage of TRAP is the ability to detect gene changes that would be missed in whole kidney arrays, we next asked how many unique genes were identified by TRAP that would have been missed in whole kidney arrays. Among genes whose expression changed during UUO, whole kidney and TRAP identified 897 genes in common. However, TRAP identified an additional 1042 genes that were not identified by whole kidney analysis, indicating a substantial enrichment of myofibroblast genes that would not have been detected by standard whole kidney arrays.
Within the TRAP-specific upregulated gene signature group 1, eight collagen genes were identified including Col5a3, Col6a4, Col7a1, Col8a1, Col10a1, Col11a1, Col12a1, and Col16a1. Message for Col1a1 itself, used to identify pericytes/myofibroblasts in this transgenic system, was enriched by 7-fold in bound versus unbound samples, confirming enrichment by TRAP. Wnt4, which we have recently identified as a gene specifically upregulated in medullary myofibroblasts during kidney fibrosis, was also present in this group. 21 Together, these results provide internal validation that the Peri/ Fibro TRAP mouse identifies collagens and other known genes expressed in medullary myofibroblasts.
The four subsets were then individually analyzed by gene ontology (GO) analysis to identify biologic functions within each group. Eighteen separate functional categories were computed within each group, including "molecular function," "biological process" "cellular component," "pathway," relevant PubMed articles, microRNA targets, and others. These results are presented in an annotated, searchable spreadsheet (Supplemental Material). As an example of the information contained within this rich dataset, the top "biological process" GO terms in group 1 (strongly upregulated TRAP-specific genes) reflect cell proliferation, morphogenesis, and matrix binding ("anaphase-promoting complex binding," "microtubule motor activity," and "extracellular matrix binding"). Cell cycle is a remarkably strong theme within this group of genes: the top 5 terms for GO terms "biological process," "cellular component," and "pathway" are all cell cycle-related categories. In an analysis of downregulated genes from group 2, the top three GO terms in the same category relate cell shape ("actin binding," "cytoskeletal protein binding," and "actin filament binding"). Similarly, under the "cellular component" term and among TRAP-specific downregulated genes, categories include "cell junction" and "anchoring junction." These GO terms strongly suggest that pericyte to myofibroblast transition is associated with loss of cell-cell connections, cytoskeletal rearrangement, and cell proliferation.
Analysis of individual genes with high expression and large changes in expression reveal genes with no previous connection to kidney but intriguing roles in fibrosis and cell proliferation in other tissues. Lemur tyrosine kinase 2 (Lmtk2) is a membrane anchored kinase expressed at very high levels in pericytes at day 0 but downregulated to just 5% of this expression by day 5. In the brain, Lmtk2 promotes TGF-b-dependent Smad2 translocation to the nucleus by inactivating GSK3b. 22 Its downregulation during early UUO may therefore reflect a compensatory and adaptive antifibrotic response to chronic injury. Similarly, Thrombospondin-4 (Thbs4) is an extracellular matrix glycoprotein now recognized to induce the endoplasmic reticulum stress response after cardiac injury. 23 Knockout mice are more susceptible to fibrosis and transgenic mice are protected from fibrosis, so by extension Thbs4 upregulation in kidney myofibroblasts may also reflect an adaptive, antifibrotic endoplasmic reticulum stress response to injury. The top 25 myofibroblast-specific upregulated or downregulated genes are presented in Tables 1 and 2 .
Validation of Novel Myofibroblast Gene Expression
Identified by TRAP To further confirm that genes identified by this analysis reflect transcriptional changes in myofibroblasts and their progenitors in vivo, we next selected candidate genes that were novel and were substantially upregulated. We performed qPCR amplification from RNA isolated from whole kidney lysate in sham or UUO kidneys to validate mRNA induction. This confirmed strong upregulation of all 16 genes ( Figure 4C ). To confirm that upregulation of candidate genes occurred in interstitial myofibroblasts, we next performed RNA in situ hybridization analysis on sections prepared from sham or UUO mouse kidneys. We focused on genes from both groups 1 and 3, choosing three examples from each group with the highest absolute expression values as well as fold-change from baseline. We hypothesized that genes in group 3 were upregulated in both bound and unbound fractions because of high absolute expression of these genes in myofibroblasts, although it could also be explained by high expression in both myofibroblasts and other cells, such as tubular epithelium. The six genes selected include Aldh1a2, Timp1, SerpinF1, Thy1, Inhba, and Nkd2.
Aldh1a2, upregulated 52-fold in myofibroblasts, is the rate-limiting enzyme in retinoic acid synthesis and is expressed in nephrogenic mesenchyme during development. Retinoids play important roles in nephrogenesis. 24, 25 Timp1 is an inhibitor of matrix metalloproteases and has known profibrotic roles in some contexts by inhibition of extracellular matrix degradation. 26, 27 It was upregulated 57-fold by day 5 of UUO. The SerpinF1 gene produces the pigment epithelium-derived factor (PEDF), a secreted multifunctional protein that regulates stem cell fate. 28, 29 In kidneys, PEDF serves as a marker for diabetic nephropathy, and exogenous PEDF ameliorates glomerular disease. 30, 31 Thy1, a heavily glycosylated cell surface protein, regulates cell-cell and cell-matrix interactions, is expressed in certain fibroblast and mesenchymal cell populations, and plays roles in fibrosis. 32 Inhba encodes the secreted protein inhibin-bA, a subunit of both activin and inhibin that acts as both a growth and differentiation factor. 33 Interestingly, activin A is strongly upregulated in activated hepatic stellate cells, the myofibroblast progenitors in the liver. 34 Nkd2 is a poorly characterized gene with no known roles in kidney. It antagonizes both canonical and noncanonical Wnt/ b-catenin signaling, and it also appears to regulate trafficking of the epidermal growth factor receptor ligand, TGF-a. 35, 36 All six of these genes were undetectable in sham kidneys but showed strong upregulation specifically in the medullary interstitium at both 5 and 10 days after UUO ( Figure 5 ).
We further analyzed the time course for expression of three of the genes identified by TRAP. IL11 encodes IL-11, a hematopoietic cytokine with antiapoptotic and antinecrotic properties, ameliorates renal injury when administered exogenously. 37 Endogenous IL11 transcripts rose at early time points in two separate kidney fibrosis models, UUO and unilateral ischemia-reperfusion injury, and fell back toward normal expression levels later during the disease course ( Figure 6 , A and B). NKD2 mRNA was strongly upregulated at later time points in fibrosis. Birc5, also known as survivin, is a negative regulator of apoptosis and is under development as a drug target in cancer therapy. 38 Birc5 was strongly upregulated in group 1 by TRAP analysis and showed upregulation in both fibrotic models as well ( Figure 6 , A and B). BIRC5 protein could be detected in lysates from whole kidney, and Birc5 mRNA and protein were induced by growth factor or serum treatment of the pericyte-like cell line 10T1/2 ( Figure 6 , C-E). Small interfering RNA (siRNA)-mediated Birc5 knockdown enhanced 10T1/2 cell apoptosis, consistent with a prosurvival role for Birc5 in these mesenchymal cells ( Figure 6G ).
DISCUSSION
We describe here a new transgenic line that allows profiling of translated RNAs from kidney myofibroblasts during injury. This line, and the associated TRAP protocol adapted to kidney, will allow sensitive detection of pericyte, fibroblast, and myofibroblast gene expression analysis in a simple, singlestep purification procedure. It will also enable gene expression analysis from other cell types where collagen1a1 is expressed, including mesenchymal cells from heart and skin, and podocytes in kidney cortex. Why collagen1a1 protein has not been consistently detected in mouse glomeruli is unclear, but one possibility is a podocyte splice variant lacking a relevant epitope. Regardless, the eGFP-L10a transgene is strongly expressed in podocytes, and this will be an advantage for isolating podocytespecific RNA. TRAP was first developed to profile molecularly distinct neuron subgroups in mice. 11, 12 Recently, TRAP has been applied to heart regeneration and expanded to Drosophila, zebrafish, and Xenopus. [39] [40] [41] The TRAP approach has many advantages compared with standard RNA isolation protocols. Most important, TRAP obviates the need for cell purification procedures, such as FACS, before RNA profiling. These procedures introduce cell stresses that alter RNA expression profiles, especially in tissue injury models characterized by inflammation and fibrosis, where cell dissociation may require extensive proteolytic digestion and mechanical force. The single-step purification method is easily within the capacity of any scientific laboratory, is inexpensive, and does not require FACS machinery or expertise. Our results in uninjured kidney medulla, where Col1a1-eGFP-L10a + pericytes make up ,0.5% of the cellular content, demonstrate that this approach can be used successfully in rare populations as well. Finally, RNA isolated by TRAP should be well suited as a substrate for next-generation sequencing technologies.
The precise origin of myofibroblasts during kidney fibrosis remains controversial, with the bulk of evidence favoring resident mesenchymal progenitors as the primary source. 20, 42 It is not yet clear whether these progenitors are resident fibroblasts, pericytes, or as-yet-undefined subsets of these cells, as recently reviewed. 43 The searchable dataset that accompanies this paper should provide a substantial source of novel gene markers that might help further define various interstitial stromal cell subsets in kidney. Our validation of the TRAP dataset identified many genes that may play important roles in regulating myofibroblast biology during fibrosis. Future research will be required to better define the roles of the product of Aldh1a2, retinoic acid, as well as PEDF and inhibin-bA in fibrosis.
There is a strong clinical need to develop novel biomarkers of CKD that identify early stages of disease and correlate with prognosis or response to therapy. Genes in group 1, whose expression is upregulated primarily in myofibroblasts during injury, should serve as a resource for discovering novel CKD biomarker candidates. For example, screening among these genes identifies the secreted protein cytokine receptor-like factor 1 (Crlf1), 44 which has very low expression in healthy Fold-change is the ratio of day 5 compared with day 0 expression. Genes were excluded if raw expression at day 5 was#500.
J Am Soc Nephrol 25: ccc-ccc, 2014 TRAPing Kidney Myofibroblasts kidney, but is upregulated 43-fold in myofibroblasts by day 5 of UUO. Thrombospondin-4 (Thbs4) is also secreted and has known roles in cardiac fibrosis, 22 and its expression increases 25-fold in myofibroblasts with nearly undetectable expression in whole medulla. Insulin-like growth factor binding protein-6 (Igfbp6) is another candidate secreted biomarker, upregulated 4.4-fold and a known target of hedgehog signaling, 45 which is activated in kidney myofibroblasts. 46 This group also contains numerous cell surface proteins that might serve as tissue biomarkers, such as the Wnt antagonist frizzledrelated protein (Frzb), and killer cell lectin-like receptor subfamily B member 1A (Klrb1a). Pathway analyses of pericyte to myofibroblast transition reflect a strong gene signature corresponding to cell proliferation, cytoskeletal changes, loss of cell-cell contacts, and motility genes. Altogether, these changes support the notion that cell shape change and acquisition of a motile phenotype are critical responses of kidney stromal cells during chronic injury. The signaling pathways most notably upregulated include integrin and platelet-derived growth factor signaling, and upregulated gene families include snail homologs as well as the Wnt modulating gene family, secreted frizzled-related proteins. These pathways comprise known important regulators of myofibroblast function and kidney fibrosis, providing further internal validation of this approach.
In summary, we have generated and characterized a novel tool for translational profiling of cells that express col1a1. The resulting atlas of pericyte and myofibroblast gene expression in kidney medulla will serve as a rich resource for investigators interested in CKD and will guide further investigation of these critical cells in fibrosis.
CONCISE METHODS
Mice
All mouse studies were performed according to the animal experimental guidelines issued by the Animal Care and Use Committee at Harvard University. EGFP and L10a sequences were separately PCR amplified from the C2-eGFP-L10a plasmid 12 and sequentially inserted into the EcoRI and SalI sites of the pGL3-Col1a1-Cre plasmid, replacing Cre downstream of the collagen 1a1 promoter/enhancer element. 47 After sequencing and in vitro validation, the linearized Col1a1-eGFPL10a transgene was introduced into F1-hybrid embryos (Gene Modification Facility, Harvard University) by pronuclear injection to generate transgenic mice. Genomic DNA was obtained from tail biopsies and two independent Col1a1-eGFP-L10a founders identified by genotyping using the following primers: (product 497 bp) 59-GGCATCGACTTCAAGGAGGA-39 (F), 59-GGTCGTAGTTCTT-CAGGCTGA-39 (R). Transgenic mice were maintained on a C57BL/6J x DBA/2 mixed background.
UUO
For the induction of kidney fibrosis, the UUO model was used as previously described. 46 Briefly, animals were anesthetized with pentobarbital sodium (60 mg/kg body wt intraperitoneally) before surgery and put in a prone position. The left kidney was accessed by the retroperitoneal approach and the ureter ligated twice with a 4-0 silk suture.
Unilateral Ischemia-Reperfusion Injury
Animals were anesthetized with pentobarbital sodium (60 mg/kg body wt intraperitoneally) before surgery. Body temperatures were controlled at 36.5-37.5°C throughout the procedure. The left kidney was exposed through flank incision and subjected to ischemia by clamping the renal pedicle with nontraumatic microaneurysm clamps (Roboz, Rockville, MD) for 35 minutes. After clamp removal, return of blood flow was confirmed and the incision closed with surgical staples. Saline, 0.5 ml, was given intraperitoneally 2 hours after surgery. 
TRAP
Purification of polysomally bound mRNA from whole organ lysate was performed as described, with modifications. 12 A detailed step-bystep protocol is available upon request. Briefly, mice were perfused with ice-cold PBS under deep anesthesia, kidneys were removed and decapsulated, and the medulla was rapidly microdissected and minced on ice and then transferred to 1 ml of ice-cold polysome extraction buffer. Dynabeads (MyOne T1 Dynabeads; Invitrogen, Carlsbad, CA) coated with monoclonal anti-GFP antibodies (clones 19C8 and 19F7; Rockefeller University Monoclonal Antibody Core Facility) were added to the postmitochondrial supernatant of medulla extract and together incubated at 4°C with end-over-end rotation for 4 hours. Following incubation, beads were collected on a magnetic rack, repeatedly washed with high-salt wash buffer and immediately resuspended in Qiagen RNeasy lysis buffer. RNA was purified using an RNeasy MinElute Cleanup Kit (Qiagen, Valencia, CA) with in-column DNase digestion (RNase-Free DNase Set; Qiagen).
Quantitation and Amplification of mRNA and Microarray Analysis
Purified mRNA samples were analyzed by chipbased capillary electrophoresis using an Agilent RNA 6000 PicoChip kit and the Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA) to assess RNA quantity and quality. The Ovation RNA Amplification System V2 (NuGEN Technologies, Inc., San Carlos, CA) was used to process and amplify samples of satisfactory quality for subsequent microarray analysis. Expression analysis was carried out on Affymetrix GeneChip 430 v2.0 arrays, and scanning was performed with an Affymetrix 3000 GeneChip scanner.
Bioinformatic Analysis
Microarray data were normalized by Robust Multichip Average using GeneSpring software (Agilent Technologies). Multidimensional scaling plots, heat map, and hierarchical clustering were also performed using GeneSpring. Gene Ontology was performed using the ToppGene Suite (Cincinnati Children's Hospital Medical Center). Microarrays have been deposited in the GEO database (GEO ID GSM1219324 through GSM1219338) and the GUDMAP database (GUDMAP ID 21179 through 21193).
In Situ Hybridization
In situ hybridization was performed using the InsituPro VSi robot (Intavis) according to a previously published protocol, unless stated otherwise. 48 Briefly, formalin-fixed, paraffin-embedded tissue sections were dewaxed, permeabilized with proteinase K (10 mg/ml; 2310 minutes), postfixed, and incubated in acetylation solution before loading into the machine. Slides were incubated with hybridization buffer (50% formamide, 53 saline-sodium citrate, 1% SDS, 50 mg/ml yeast tRNA, 50 mg/ml heparin) containing 0.5-1 mg/ml of digoxigenin (DIG)-labeled riboprobe twice for 6 hours at 68°C. For each gene, a DNA template of approximately 750 bp was generated from plasmid clones by PCR and transcribed to produce a DIG-labeled antisense riboprobe (for details, see www.gudmap.org). Hybridization was followed by stringency washes, RNase treatment (2 mg/ml), blocking, and anti-DIG-AP antibody incubation (Roche; 11093274910; 233 hours, 1:1000). After disassembly of the hybridization chambers, slides were washed and incubated with chromogenic substrate (BM Purple; Roche) for a maximum of 7 days. Once a sufficient staining intensity was reached, sections were postfixed and mounted in Glycergel (Dako).
Tissue Preparation, Histology, Immunofluorescence, and Immunohistochemistry
Mice were euthanized and immediately perfused via left ventricle with ice-cold PBS for 1 minute. Kidneys were removed, cut sagittally or Figure 5 . RNA in situ hybridization validates interstitial expression of novel myofibroblast genes during fibrosis. In situ hybridization comparing sham surgery versus UUO day 5 and day 10 for six novel myofibroblast genes strongly induced during fibrosis. All genes show an interstitial and not tubular expression pattern with strongest expression in medulla and extending to cortical interstitium. Scale bars: 100 mm.
transversely, fixed in 4% paraformaldehyde on ice for 1-2 hours and transferred to sucrose solution (30%) overnight for cryoprotection. Immunohistological staining of kidney sections was performed as previously described. Briefly, rehydrated paraffin-embedded (3-4 mm) or cryopreserved (7 mm) sections were labeled with primary antibodies, including chicken anti-GFP (Aves Labs; 1:500), rabbit antilaminin (Sigma-Aldrich; 1:100), rat anti-PDGFRb (eBioscience; 1:200), Cy3-conjugated anti-aSMA (Sigma-Aldrich; 1:500), rat anti-platelet endothelial cell adhesion molecule (eBioscience; 1:100), rat anti-F4/80 (Abcam, Inc.; 1:100), and rabbit anti-CD3 (Vector Laboratories; 1:200). Slides were subsequently exposed to corresponding FITC-or Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) and mounted with 49,6-diamidino-2-phenylindole-containing Vectashield mounting medium (Vector Laboratories). Staining was examined by fluorescence microscopy (Nikon C1 confocal and Nikon eclipse 90i), and semiautomated quantitation was performed using ImageJ software (http://rsbweb.nih.gov/ij/). Immunohistochemical staining for eGFP was performed as described 49 on formalin fixed, paraffinembedded 3-4-mm sections. Sections were rehydrated and antigens retrieved using heated citrate. Primary antibody against eGFP (Abcam, Inc.; #6556; 1:200) was incubated at room temperature for 3 hours. Staining was visualized using horseradish peroxidase-coupled secondary antibodies (Vectastain Elite; Vector Laboratories).
Cell Culture and Immunoblotting
NIH/3T3 fibroblasts, human embryonic kidney 293, and 10T1/2 pericyte-like cells were cultured usingstandardcellculturetechniques.Lipofectamine 2000 (Invitrogen) was used for vector transfection and DharmaFECT (Thermo Fisher Scientific, Waltham, MA) for Birc5 siRNA knockdown experiments. All siRNAs were obtained from Dharmacon (Thermo Fisher Scientific). For Western analysis, radioimmunoprecipitation assay lysis buffer containing a protease inhibitor cocktail (Roche, Indianapolis, IN) was used to generate protein lysates from both renal tissue and cultured cells. For protein detection, polyvinylidene fluoride membranes were incubated with primary antibodies, including chicken anti-GFP (Aves Labs; 1:2000), rabbit anti-aSMA (Abcam, Inc.; 1:2000), and rabbit anti-Birc5 (Novus Biologicals; 1:1000). Antibodies directed against Erk2 (Santa Cruz Biotechnology; 1:1000) and glyceraldehyde 3-phosphate dehydrogenase (Bethyl Labs; 1:4000) were used as loading controls. Membranes were subsequently probed with corresponding horseradish peroxidase-conjugated secondary antibodies.
Real-Time PCR
RNA was extracted from snap-frozen tissue stored at 280°C using standard techniques (RNAeasy kit; Qiagen) and cDNA produced using iScript reverse transcription (Bio-Rad). Real-time PCR was performed using the iQ-SYBR Green Supermix (Bio-Rad) and the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad) for detection of mRNA levels, including eGFP-L10a, Col1a1, Fn1, aSMA, PDGFRb, Il11, Nkd2 and Birc5. Housekeeping genes 18S and GAPDH were used as internal controls.
Apoptosis Assays
Cell apoptosis was studied using TUNEL staining (Roche) followed by quatification of the ratio of TUNEL + /total 49,6-diamidino-2-phenylindole + cell nuclei as well as Annexin-V labeling (Roche). Experiments were conducted according to the manufacturer's recommendations.
Statistical Analyses
Data are given as mean6SEM. Statistical analyses were performed using the unpaired t test to determine differences between two groups and ANOVA to compare data among groups. P values ,0.05 were considered to represent statistically significant differences.
